Abstract. This study presents an analysis of TROPOMI cloud heights as a proxy for volcanic plume heights in the presence of absorbing aerosols and sulfur dioxide for the 19 February 2018 eruption plume of the Sinabung volcano on Sumatra,
ultraviolet (UV) spectral range for a given wavelength pair, where the difference between the observed reflectance and the modeled clear-sky reflectance results in a residual value. When this residual is positive it indicates the presence of UVabsorbing aerosols, like dust, smoke, or volcanic ash. Clouds yield near-zero residual values and negative residual values can 100 be indicative of the presence of non-absorbing aerosols (e.g. sulphate), as shown by sensitivity studies of the AAI [e.g. de Graaf et al., 2005 , Penning de Vries et al., 2009 . Unlike satellite-based aerosol optical thickness measurements, the AAI can also be calculated in the presence of clouds, so that daily global coverage is possible. This is ideal for tracking the evolution of episodic aerosol plumes from dust outbreaks, volcanic eruptions, and biomass burning. For this study, we use the TROPOMI AAI data for the wavelength pair 340-380 nm. For more details about the TROPOMI AAI retrieval algorithm, 105
see Stein-Zweers [2016] .
TROPOMI SO 2
Since the late 1970s, a large number of UV-visible satellite instruments have been used for monitoring anthropogenic and volcanic SO 2 emissions. In some cases, operational SO 2 retrieval streams have also been developed aiming to deliver SO 2 vertical column densities (VCD) in near real-time (NRT), i.e. typically with a delay of less than 3 hours. 110
The TROPOMI SO 2 retrieval algorithm is based on the DOAS technique [BIRA, 2016; Theys et al., 2017] . In brief, the logratio of the observed UV-visible spectrum, of radiation backscattered from the atmosphere, and an observed reference spectrum (solar or earthshine spectrum) is used to derive a slant column density (SCD), which represents the SO 2 concentration integrated along the mean light path through the atmosphere. This is done by fitting absorption cross-sections of SO 2 to the measured reflectance in a given spectral interval. In a second step, slant columns are corrected for possible 115 biases. Finally, the slant columns are converted into vertical columns by means of air mass factors (AMF) obtained from radiative transfer calculations, accounting for the viewing geometry, clouds, surface properties, total ozone, and SO 2 vertical profile shapes.
TROPOMI cloud information
TROPOMI provides information about cloud properties by use of oxygen absorption in either the O 2 A-band around 760 nm 120 or the O 2 -O 2 band around 477 nm [Veefkind et al., 2016] . In this study, we use the TROPOMI operational ROCINN cloud height [Loyola et al., 2018 ; Cloud as Reflecting Boundaries or CRB model] and FRESCO cloud height [Wang et al., 2008 , Wang et al., 2012 , both based on the O2 A-band, as well as off-line cloud height from the O22CLD algorithm based using the O 2 -O 2 band. Both the FRESCO cloud height and the O 2 -O 2 cloud height are based on a Lambertian cloud model. Therefore, the retrieved cloud height is the cloud mid-level rather than the cloud top [Wang et al., 2008 , Sneep et al., 2012 . 125
Note that because the current TROPOMI surface albedo databases -which rely on OMI data -are not fully representative for the TROPOMI spatial resolution and/or wavelengths, which results in inaccurate or unrealistic cloud retrievals which are flagged as missing data. It is expected that the coming years a surface albedo database will be developed based on the TROPOMI measurements itself, which should solve these retrieval artefacts.
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HIMAWARI AHI 130
The Advanced HIMAWARI-8 Imager (AHI) is a geostationary satellite imager with 16 broad-band spectral channels from the visible to infrared portion of the electromagnetic spectrum between 0.46 μm and 13.3 μm. The sub-satellite spatial resolution of AHI is 1 km for all-but-one VIS channels and 2 km for IR channels. The HIMAWARI AHI is a multipurpose imager that provides full-disk scans of Earth every 10 minutes from a geostationary orbit at 140.7°E. The imagery can be used for a variety of applications, including general environmental monitoring (e.g. cloud-tracked winds) and numerical 135 weather prediction [Bessho et al. 2016] . For the detection of volcanic ash, results from an ad-hoc version of the VADUGS algorithm are used [Graf et al., 2015] . The VADUGS algorithm is a neural-network based on a large number of radiative transfer simulations of geostationary infrared brightness temperatures, and retrieves the column mass load and the top altitude of volcanic ash layers. VADUGS was initially developed for SEVIRI/MSG, it has been adapted to HIMAWARI for the purpose of this paper. 140
CALIOP
The CALIOP lidar on board of the CALIPSO platform delivers global cloud and aerosol information. The vertical resolution of atmospheric profiles is high with 30-300m, but the horizontal sampling is poor, as the satellite is in a low-altitude earth orbit with a 16-day repeated cycle and the horizontal resolution is only 330 m to 5 km [Winker et al., 2007 [Winker et al., , 2009 . In this study, we use attenuated backscatter imagery from one CALIPSO orbit. 145
Results

Brief description of the spatiotemporal evolution of the volcanic ash cloud
The analysis of HIMAWARI AHI IR brightness temperatures and IR-based volcanic ash heights from CIMSS (Supplementary Information SI figure S1) shows that 19 February 2018 Sinabung eruption consisted of two distinct ash plumes. The initial eruption quickly reached the upper tropical troposphere (14-16 km altitude), after which the volcanic ash 150 was transported in a north/northwesterly direction. Approximately two hours after the start of the eruption the satellite data shows lower-altitude volcanic ash (up to 6-8 km altitude) emerging from under the high altitude volcanic ash at both the northwest and southeast end of the high altitude plume. As these lower altitude plumes also move more or less in opposite direction, they more likely reflect remnants of surface pyroclastic flows and/or the eruption column collapse that are also seen in the time-lapse webcam video footage on the internet (https://youtu.be/v45J5BO_ge0). hours after the start of the eruption. By then, the volcanic plume has dispersed over an area with an approximate diameter of 200 km, while some parts of the volcanic ash cloud have sufficiently thinned so that cumulus clouds lower down in the 160 atmosphere can be identified in VIIRS imagery (see SI figure S2 ; note that TROPOMI flies in a so-called loose formation with VIIRS, with a temporal separation between both of less than 5 minutes). The AAI and SO 2 contours agree well with the extent of the volcanic plume, indicating there has not been a spatial separation between aerosols and SO 2 , which is known to sometimes happen in volcanic eruptions [Cooke et al., 2014] . Guided by the AAI and SO 2 contour lines, the ash cloud can be identified in the FRESCO and ROCINN cloud heights -in particular for cloud tops above 10 km -but not in the FRESCO 165 cloud fraction, probably because of light absorption by ash. Comparing the cloud height with the VIIRS reflectances (SI figure S2), the volcanic plume altitudes occur where the ash cloud is sufficiently optically thick to not show the underlying surface and clouds.
All cloud height products show the same spatial structure with the highest clouds in the northern half of the ash plume. The 
CALIOP
Although the 19 February 2018 Sinabung eruption was small in spatial extent and rather short-lived, by mere accident there was a perfect overpass with the CALIOP instrument in the A-train constellation (see Figure 1) . The CALIOP track goes 180 straight through the core of the volcanic ash cloud and across the north-south gradient in cloud tops. Although the CALIOP overpass is perfect in space, the time difference between TROPOMI and CALIOP of approximately 45 minutes is not insignificant. It is therefore unlikely that TROPOMI and CALIOP ash layers and structures exactly match.
The flow direction of the volcanic ash plume was northwards, which means that CALIOP should also be displaced north compared to TROPOMI. A rough estimate of northward cloud motion based on the geostationary satellite data indicates that 205 the displacement may be approximately 0.5°/hour, which makes it not unreasonable to assume that some of the discrepancies between TROPOMI and CALIOP could also be related to the differences in observation time. Furthermore, volcanic eruption plumes have their own dynamics, with for example pyroclastic flows near the surface which appear to travel partly in the opposite direction of the background flow. The eruption dynamics may thus have additional effects on the ash plume displacement, but this cannot be investigated based on the available satellite data. 210
HIMAWARI
The temporal evolution of the ash plume is further investigated using Himawari geostationary IR observations. Figure 4 shows the HIMAWARI 10.8-12.0 μm channel brightness temperature differences (ΔBT) as observed between 02:30 UTC and 07:30 UTC in hourly intervals, including the TROPOMI SO 2 /AAI contours shown in Figure 1 . The 10.8-12.0 μm channel ΔBT is the basis for geostationary IR volcanic ash retrieval algorithms [Prata, 1989] , with negative ΔBT potentially 215 indicating volcanic ash, and positive ΔBTs indicative of the presence of ice.
During the first few hours (02:30-03:30), the ash plume is clearly visible both in the ΔBTs (reddish colors) and cloud heights (whites). At 03:30 UTC, two distinct clouds have emerged with fairly negative ΔBTs: one associated also with a high cloud height, and another one further south with much lower cloud heights, likely low-altitude outflow or pyroclastic flows. From 04:30 UTC onwards, a third region becomes visible with high cloud heights and large positive ΔBTs (purple), more 220 reminiscent of dense high ice clouds. This 'purple' region continues to grow and expand northward. The results presented here support the notion that the IR volcanic ash ΔBT signature disappears when condensed water vapor or ice forms in a volcanic ash cloud, which are known to significantly hamper IR volcanic ash retrievals [Francis et al., 2012; Pavolonis et al., 2013; Zhu et al., 2017] . 235
Discussion and conclusions
Analysis of measurements from the recently launched polar orbiting TROPOMI satellite -with unprecedented spatial resolution and accuracy -of the volcanic eruption of Mount Sinabung on Sumatra on 19 February 2018, has revealed that the combination of TROPOMI AAI and TROPOMI SO 2 allows for accurate identification of volcanic ash plume location. In addition, under the condition that the ash plume is sufficiently thick so that clouds and the Earth surface below the ash cloud 240 are not visible, TROPOMI cloud heights also provide accurate information about the volcanic ash cloud heights. The TROPOMI FRESCO and ROCINN cloud heights agree with CALIOP cloud top measurements for optically thick volcanic ash clouds. In passing we note that the unprecedented spatial resolution of TROPOMI allows for detection of much smaller eruptions than is currently possible with polar orbiting satellite instruments like OMPS, GOME-2, and OMI.
Comparison with geostationary IR volcanic ash height provides clear indications that ash height estimates using cloud 245 heights and AAI values from UV/VIS satellites like TROPOMI may underestimate actual ash heights in case of semitransparent volcanic ash clouds, especially in the presence of high concentrations of water vapour and for very high ash clouds. For optically thin(ner) volcanic ash clouds the TROPOMI cloud heights are a weighted mean of the ash height and heights of other clouds or the surface, and may therefore be less useful for volcanic ash height monitoring purposes. Some discrepancies between TROPOMI and CALIPSO may be related due to misalignment in observation times of both satellite 250 instruments (~ 45 minutes). In addition, indications were found of shielding of the volcanic ash plume by this ice/water near top of the volcanic ash cloud. with green = small, red = large), and the color coding in the SO 2 scatterplot is indicative of the AAI value (AAI > 0 with green = small, orange = large). The upper right plot is thus similar to the lower left plot but only pixels with SO 2 > 10 are 435 color coded. These color codings were added for qualitatively identifying possible relationships between ΔBT and AAI or
